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Abstract 
Electrochemical behavior of poly-3,4-ethylenedioxythiophene composites with manganese 
dioxide (PEDOT/MnO2) has been investigated by cyclic voltammetry and electrochemical 
quartz crystal microbalance at various component ratios and in different electrolyte solutions . 
The electrochemical formation of PEDOT film on the electrode surface and PEDOT/MnO2 
composite film during the electrochemical deposition of manganese dioxide into the polymer 
matrix was gravimetrically monitored. The mass of manganese oxide deposited into PEDOT at 
different time of electrodeposition and apparent molar mass values of species, involved into 
mass transfer during cyclic voltammetry   of PEDOT/MnO2 composites were evaluated. It was 
found that during the redox cycling of PEDOT/MnO2 composite films with  various MnO2  
content the oppositely directed fluxes of counter ions (anions and cations) occur,  resulting in  a 
change of the slope of linear parts of the Δf – E plots  with  changing the mass fraction of MnO2 
in the composite film. 
Rectangular shape of cyclic voltammograms of PEDOT/MnO2 composites with different 
loadings of manganese dioxide was observed, which is characteristic of  the pseudo-capacitive  
behavior of the composite material. Specific capacity values of PEDOT/MnO2 composites 
obtained from cyclic voltammograms were found of about 169 F g-1. The specific capacity, 
related to the contribution of manganese oxide component, was about 240 F g-1. 
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Introduction 
Conducting polymers and composites based on the transition metal oxides with  
conducting polymers are considered as attractive rechargeable electrode materials for 
electrochemical energy storage [1–8]. In these composite materials, the so-called pseudo-
capacitance originates from charge-transfer (Faradaic) processes that take place in the both 
constituents. A number of conducting polymers, such as polyanilines, polypyrroles and 
polythiophenes in combination with transition metal oxides, such as RuO2 [9–11], IrO2 [12], 
Co3O4 [13–14] and MnO2 [15–25] were recently proposed as composite electrode materials for 
electrochemical capacitors. The advantages of manganese dioxide are low cost, environmental 
compatibility and high specific capacitance. This last property  can be  better utilized in 
combination of fine dispersed MnO2 with conducting polymer matrix. In several papers, the 
values of capacitance of PEDOT/MnO2 composites were reported in the range of 148–487 F g-1 
[17–25]. 
In particular, PEDOT/MnO2 composites, obtained by spontaneous redox reaction 
between reduced PEDOT and MnO4
- ions [23–25] showed specific capacity values in the range 
150–250 F g-1 which increased with the increase of MnO2 loading into the PEDOT film. The 
calculated  specific capacitance values related to contribution of manganese oxide Cs,MnO2 were 
in the range 274–310 F g-1, whereas for the PEDOT component they were close to 70–75 F g-1.  
24It is known that in a relatively broad potential range  (0.0–0.8 V) (e.g. in aqueous 
LiClO4 solution from about 0.0 V to 0.8 V vs the NaCl saturated calomel electrode (SSCE)), 
MnO2 oxide is considered as n-type doping material, whereas PEDOT in this range of potentials 
acts as p-doping material. (At more positive potentials than 0.8 V vs. SSCE the overoxidation of 
the polymer may occur [Ujvari M, Gubicza J, Kondratiev V, Szekeres KJ, Láng GG (2015) 
Morphological changes in electrochemically deposited poly(3,4-ethylenedioxythiophene) films 
during overoxidation. J Solid State Electrochem 19:1247–1252 , Láng GG, Ujvári M, 
Vesztergom S, Kondratiev V, Gubicza J, Szekeres KJ (2016) The Electrochemical degradation 
of poly(3,4-ethylenedioxythiophene) films electrodeposited from aqueous solutions. Z Phys 
Chem 230:1281–1302].) Due to the different nature of the components  of the PEDOT/MnO2 
composite, different counter ions may flux into opposite directions during the  
oxidation/reduction process. The reduction of MnO2 in neutral electrolyte solution is supposed to 
be accompanied by cation flux (surface process of adsorption of cations) [26–30], whereas the 
reduction of PEDOT is accompanied by anion flux with expulsion of an anion [31]. Therefore it 
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can be  supposed that EQCM measurements could reveal interesting features in mass transport in 
these composites at redox cycling.  
EQCM method is known as one of useful tools for investigation of mass changes during 
electrochemical synthesis and mass transfer processes, accompanying electrochemical reactions 
in thin films of electrode modifying layers, in particular, conducting polymers and more complex 
composite films. The change in the quartz crystal oscillation frequency is very sensitive to mass 
change during electrochemical synthesis of films and to ion and molecular transport at the film – 
solution interface. EQCM may give valuable information about stoichiometric mechanism of 
redox processes taking place in thin films on the quartz crystal electrode. 
EQCM has been earlier employed for the study of stoichiometry of mechanism of charge 
storage in PEDOT and MnO2 solely, and the contributions of different components of 
electrolytes into total mass change of PEDOT [31–37] and MnO2 [26–30] films were established. 
However, to the best of our knowledge,  the charge compensation processes in composite 
PEDOT/MnO2 films with different PEDOT:MnO2 ratios  have not been investigated yet during 
redox cycling in aqueous electrolyte solutions.  
In this work, we have investigated the mechanism of charge storage in PEDOT/MnO2 
composites (prepared by electrochemical deposition of manganese oxide into PEDOT) in 
aqueous LiClO4 and NaClO4 solutions by using a combination of the electrochemical quartz 
crystal microbalance (EQCM) technique and cyclic voltammetry. Cyclic voltammograms, mass 
vs. potential and mass vs. charge plots for composite PEDOT/MnO2 films were systematically 
investigated and analyzed with the purpose to gain new information about the charge transport 
processes within these systems. 
244 
Experimental  
Reagents and Materials  
3,4-ethylenedioxythiophene (EDOT, 98%) was purchased from Aldrich. Acetonitrile 
(HPLC grade, purified cryogenically, water content below 0.008%) was from Cryochrom, 
Russia. Anhydrous lithium perchlorate (LiClO4) was dried to constant weight. Manganese sulfate 
(MnSO4) was obtained from Neva Reactive Co., Russia. All other chemicals were of analytical 
grade. Aqueous solutions were prepared on deionized water of resistivity not less than 18 MΩ, 
obtained by means of Millipore Direct-Q UV (Millipore Corp., USA) water purification system. 
 
Synthesis of PEDOT and PEDOT/MnO2  
PEDOT films were electrodeposited under galvanostatic conditions (j ~ 1 mA cm2) [24, 
25, 38], from acetonitrile (AN) solution of 0.05 M EDOT and 0.1 M LiClO4. The range of 
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potential variation during synthesis was 1.1–0.9 V, time of deposition usually was 100 s, if not 
specified otherwise. All potentials were measured relative to Ag/AgCl reference electrode, Pt 
foil was used as a counter electrode.  The average thickness of the resulting PEDOT films (100s 
synthesis) calculated  based on the amounts of  charge consumed during electrodeposition was  
about 0.3 µm. The Pt-coated quartz crystal (S=1.37 cm2) was used as the working electrode. The 
synthesized PEDOT films were thoroughly rinsed by deionized water and then were subjected to 
the electrodeposition of MnO2. 
Solutions of 0.05М MnSO4 in 0.5M LiClO4 were used for electrochemical deposition of 
manganese oxide into PEDOT. The deposition process was carried out under constant potential 
(Е = 1.000 V). Each deposition step lasted 100 s, the overall electrodeposition time was varied in 
the range of 100–600 s. 
 
2.3. Electrochemical measurements 
The electrochemical measurements were performed in a three-electrode  cell (the cell 
container was made of glass). The measured potentials are given relative to the NaCl saturated 
silver chloride electrode (Ag/AgCl). For electrochemical synthesis of PEDOT/MnO2 composite 
films on the electrode and for voltammetric measurements, AUTOLAB PGSTAT30 (ECO 
CHEMIE, The Netherlands) was used. The potential scan rate during cyclic voltammetry (CV) 
measurements was 5–50 mV s-1. The shape of the cyclic voltammograms (CVs) was stabilized 
after one to three  potential cycles. 
EQCM experiments were carried out using the AUTOLAB PGSTAT30 potentiostat 
interfaced with a QCM200 quartz crystal microbalance system (Stanford Research Systems, 
USA). PEDOT and PEDOT/MnO2 was deposited onto the 1.37 cm
2 Pt working electrode of a 
1 inch diameter, 5 MHz AT-cut quartz crystal substrate (Stanford Research Systems).  
The EQCM measurements were performed with electrochemically synthesized 
(“pristine”) PEDOT films, during the loading of MnO2 into PEDOT and during redox-processes 
of PEDOT/MnO2 composites with different ratios of PEDOT:MnO2, obtained by consecutive 
deposition of MnO2 into the films.  
2 Relatively thin PEDOT films  were used for the microgravimetric experiments, thus the 
contribution from the viscoelastic properties of the film to the frequency change was negligible. 
Further details of the  measurements are described in [37]. 
It is known that the contribution of viscoelastic properties of the polymer film diminishes 
as the thickness of the polymer film  decreases s and  EQCM studies are usually performed at a 
small film thickness to provide such conditions. Therefore, the primary objective was to obtain 
films of optimum thickness,  where the film viscoelastic properties can be neglected and the 
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mass variation of the electrode with the film is directly proportional to the variation of the crystal 
resonant frequency. From the technical point of view, the QCM200 instrument allowed 
monitoring the contribution of viscoelastic properties by changing parameter Vc (the conductance 
signal related to the series resonance resistance of the quartz crystal by 
c /5
m 10000 10 75
V
R
    [39]).  
Cyclic voltammogram and crystal oscillation frequency were registered simultaneously,  
together with Vc (using a built-in voltmeter)m. 
According to the  calibration experiments  performed in media of different viscosity [39], 
the contribution of viscoelastic interactions between the crystal, film, and electrolyte solution to 
the crystal oscillation frequency is negligibly low at the Rm values below 925 Ohm. In the course 
of all experiments (with PEDOT films and PEDOT/MnO2 composites) , the Rm values did not 
exceed the above value. This allows assuming that the variation of the crystal oscillation 
frequency is predominantly related to the film mass variation. The time of film electrodeposition 
(film thickness) was chosen experimentally with the account for parameter Vc.  
 
Results and discussion 
 Electrochemical quartz crystal microbalance study of PEDOT films 
As already indicated in the introduction, EQCM measurements in this work had two main 
objectives: 1) study of EQCM responses during the synthesis of the composite film on the 
electrode, and evaluation of the mass of manganese oxide deposited on the electrode; 2) study of 
the stoichiometry of the charge-discharge process in the composite film during cycling of 
potential. 
2222Fig.1 shows the potential transient and the corresponding shift of resonant frequency 
of electrode during the polymerization of EDOT at constant current density 1 mA cm-2. After a 
short rise, the potential reached the saturation and slowly decreased near the value 1.17 V, 
whereas a nearly linear decrease of electrode frequency with time was observed.  
The observed small deviations from the linear dependency of frequency (and therefore, 
mass gain) on time at the initial region of the f – t dependency can be related to the polymer 
nucleation with formation of a certain critical concentration of oligomers deposited on the 
electrode surface. In the case of long synthesis times (t > 100 s), deviations of the f–t dependency 
from linearity also appeared, which can be due to different reasons: different film filling by the 
solvent, limitations by monomer mass transport towards the surface or a small contribution of the 
film viscoelastic properties to the frequency response. The observed linearity of the ∆f vs. t plot 
can serve as an indirect confirmation that one can neglect the contribution of the film viscoelastic 
properties to the frequency response in the chosen range of synthesis times. 
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The mass gain on the electrode surface was calculated from the frequency change by 
using Sauerbrey equation: 
 
∆f= − Cf·Δm,         (1) 
 
where ∆f is the frequency variation (Hz), Cf = 56.6 Hz cm2 g–1 is the sensitivity factor of the 
crystal, Δm is the change in mass per unit area . 
The parallel voltammetric and gravimetric responses of a typical pristine PEDOT film in 
LiClO4 electrolyte  are shown in Fig.2. Cyclic voltammograms and mass responses were stable 
and reproducible during prolonged cycling. 
The frequency – potential dependencies obtained at different scan rates are shown in 
Fig.3. The monotonic almost linear change of electrode frequency with potential was observed 
with small hysteresis for forward and back scan of potential. The oxidation of PEDOT film in the 
forward scan is followed by a decrease of frequency, which indicates an increase of the film 
mass, the reduction of PEDOT in the reverse scan, is followed by an increase of frequency, 
therefore, a decrease in mass occurs. Lower hysteresis between the forward and back scans was 
observed with decrease of scan rate.  
The observed dependency of the frequency shift from the electrode potential is 
qualitatively consistent with the mechanism of doping/dedoping of PEDOT films, where 
oxidation of the film is accompanied by an increase in the mass of the electrode due to the 
uptake of the dopant anions (perchlorate ions) into the film, and the reverse reduction process – 
the release of the anions from the film. 
 The linear mass – charge dependency with constant slope indicates the constancy of 
apparent molecular mass (Mapp) of the transferred species.  
Mapp = z F Δm/ΔQ       (2) 
where Mapp – apparent mass of species (cations, anions and solvent molecules), taking part in the 
overall mass transport process. 
The calculated value of apparent molar mass Mapp = 80.3 g mol
-1 is significantly (by 
about 10%) lower than the theoretical mass of ClO4
- ions, which are expected as counter-ions. 
Nevertheless, this value  is in good agreement with those  (80 g mol-1 and 82 g mol-1 ) reported 
previously in [35,37].  
 
Cyclic voltammetric and EQCM study of PEDOT/MnO2 composites 
EQCM measurements during the deposition of MnO2 into PEDOT films 
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As described in the “Experimental” section the electrochemical deposition of manganese 
dioxide was performed by the well known method of electrooxidation of manganese (II) ions 
according to the overall reaction: 
Mn2+ + 2H2O → MnO2 + 4H+ + 2e−    (3) 
The formation of PEDOT/MnO2 composite film during the electrochemical deposition of 
manganese dioxide into the polymer matrix was gravimetrically monitored. 
Fig.4 shows the current response and resonant frequency shifts of the electrode during the 
potentiostatic deposition of MnO2 into PEDOT film from the aqueous solution of 0.05 M MnSO4 
and 0.5 M LiClO4. The consecutive deposition of manganese oxide into the film was carried out 
under the conditions described above, each deposition step lasted for 100 seconds.   
The amounts of MnO2 deposited into the PEDOT film were calculated from the shift of 
the crystal oscillation frequency in accordance with the Sauerbrey equation. Fig. 5a shows the 
mass gain versus deposition time dependencies during the individual deposition steps.  As it can 
be seen from the figure , when the manganese oxide is deposited into the film, the change 
(increase) of  the mass of the electrode over time is essentially linear, therefore it seems 
reasonable to suppose that the deposition rate (i.e. the slope dΔm/dt) is practically constant over 
the range of superficial masses studied. 2 
In addition, for the first several steps, a fairly  linear relationship between the mass of MnO2 
deposited into the film and the “total” deposition time  became apparent (Fig. 5b). The difference 
in mass of the composite and initial PEDOT films allow to estimate the mass of the deposited 
MnO2.  The calculated masses are shown in Table 1. 
 
Cyclic voltammetry of the PEDOT/MnO2 composite films 
Cyclic voltammograms of PEDOT/MnO2 composites  with different loadings of 
manganese dioxide (recorded in 1 M LiClO4 solution (???) at the scan rate of 10 mV/s) are 
shown in Fig. 6. Nearly ideal rectangular shaped  cyclic voltammograms without any current 
peaks  were observed for both the initial PEDOT and PEDOT/MnO2 composite electrodes in the 
whole potential range .  The shape of the cyclic voltammograms (characteristic for 
pseudocapacitive behavior) suggests that the rate of the charge-discharge processes is high. On 
the other hand, the  (near linear) increase of  of the charging current with  the MnO2 content in 
composite film is a result of the pseudocapacitive contribution of  both components. The CV 
shape became slightly distorted at the edges of the voltammograms and these distortions are 
more obvious with increase of manganese oxide loading. This effect, indicating a significant 
increase in the resistance of the manganese oxide layer and a decrease in its redox efficiency, 
was especially pronounced  at higher potential scan rates.  
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On the other hand, the effect of the potential scan rate on cyclic voltammograms of 
PEDOT/MnO2 composite films is also quite interesting. The  (pseudo-)capacitive 
charging/discharging currents  increase with increasing the scan rate. Moreover,  a directl 
proportionality  between the current and the scan rate was observed at any potentials around  the 
middle of the  potential range in which the cycling was done. The cathodic and anodic charges 
were practically identical and their ratio was independent of the scan rate, which indicates the 
reversibility of the charge / discharge processes.  It is evident from the scan rate normalized CVs 
shown in Fig.8 , that in spite of a relatively  high content of manganese dioxide in the composite 
(PEDOT/MnO2(600) with 57 wt.% of MnO2), the rate of charging/discharging processes in the  
PEDOT/MnO2 composite (including the processes associated with the oxidation/reduction of the 
polymer, and the redox processes in the dispersed manganese oxide particles).  Moreover, the 
dependence of the current on the scan rate in this region is linear for both the PEDOT/MnO2 /1М 
LiClO4(aq.) and the PEDOT/MnO2 /1М NaClO4(aq.) electrodes, which is consistent with the 
(pseudo-)capacitive charging behavior. 4. The specific capacity values of composite films were 
evaluated from the CV-s recorded at the scan rate of 50 mV s-1. . The calculated  specific 
capacity of the composite material was  about 169 F g-1 for the PEDOT/MnO2 (600 s) electrode, 
whereas the specific capacity, related to the contribution of MnO2 was about 240 F g
-1. These 
values are comparable with those  reported in the literature for similar PEDOT/MnO2 composites 
[17-23].  
 
EQCM study of PEDOT/MnO2 composite films 
Fig. 7 illustrates the effect of the electrode potential on the resonant frequency of the 
quartz crystal covered with PEDOT/MnO2 composite films prepared by consecutive 
electrochemical deposition of manganese dioxide. It can be clearly seen that the slopes of the 
linear regions of the frequency change (Δf) vs. electrode potential (E) curves change 
considerably with increasing MnO2 mass fraction in the composite film. For an easier 
comparison of the results, all Δf vs. E curves corresponding to the PEDOT/MnO2 samples with 
different MnO2 content start at the same point (Δf = 0 on the vertical axis in Fig. 7). 2 2 22 The 
reproducibility of the EQCM measurements was good, consecutive potential cycles provided 
highly reproducible Δf (E) dependencies for each sample. Visualization of the data (Fig. 7) 
reveals that the Δf – E relationships are close to linear in a fairly broad potential range with 
varying degree of hysteresis between forward and reverse scans. 2 
Nevertheless, this type of behavior is quite unusual for “simple” modified electrodes and 
can presumably be attributed to charge and mass transport in the film associated with redox 
processes in/at the Mn-containing particles. 22In a general case, we have to consider all 
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oxidation-reduction (redox) processes occurring in the composite film. On the other hand we 
have to take into account that both the PEDOT and the Mn-containing phase may contribute to 
the mass change in distinct ways. 2 As a result, the interpretation of the EQCM information 
presents a number of difficulties. 
A possible explanation of the observed results is as follows. As it was reported in 
previous papers [31, 32, 35, 36], the charge compensating process during the oxidation of 
PEDOT film mainly comprises the insertion of anions into the film. On the other hand, the 
oxidation process of the manganese oxide -+ component  (represented by the chemical formula 
MnOO–C+, where the symbol C+ stands for a single charged cation originating from the 
electrolyte solution which may be adsorbed on, or absorbed/intercalated in manganese oxide 
particles) in the region 0–0.8V vs. Ag/AgCl/(saturated aqueous NaCl-solution) includes the 
surface oxidation of manganese ions Mn(III) to Mn(IV) followed by the desorption of C+-ions 
which leave the film structure and enter the solution  [26–29].  
The corresponding simplified electrode reactions taking place at redox cycling can be written as:   
 
Mn(IV)O2 +xe + xC
+ = Cx
+ Mn(III)xMn
(IV)
1-xO2    (4) 
(PEDOT+·A-) +e = PEDOT0 + A-       (5) 
 
In both reactions a number of solvent molecules can be involved in the mass transfer 
processes, therefore the total mass change (mtot) can written as follows:   
sCAtot
mmmm          (6) 
where Δm
A–  is the change in mass (with respect to a suitably chosen reference state) 
due to the flux of anions, Δm
C+
 is the change in mass due to the flux of cations, and Δms  is the 
mass change due to the solvent transport, respectively. 
In this case, comprising fluxes of cations, anions and solvent molecules, the analysis of 
individual contributions (of different particles) to overall flux faces difficulties.  
As it was shown earlier in refs. [26,27] (where the apparent masses of charge 
compensating ions or “counterions” were evaluated by using the EQCM technique),  the redox 
process in MnO2 films involves the transport of one water molecule into the manganese oxide 
lattice [26, 27]. For PEDOT films in aqueous solutions, the obtained Mapp values, to a  first 
approximation, are close to the  molar mass of the charge compensating ions and the molar mass 
of 1-2 transferred water molecules (depending on the composition of the electrolyte solution) 
[31, 32, 35, 36].  
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app2Therefore, the Mapp values that can be obtained for the PEDOT/MnO2 composites with 
different loadings of manganese dioxide are also influenced by the number of solvent molecules 
transferred by counter-moving counter-charged ions. Nevertheless, Eq.(6) can be written as  
 )()(
Cs,CAs,AsCAtot 
 mmmmmmmm ,  (6a) 
where ms,A– is the mass change caused by the solvent molecules associated with the movement 
of anions and ms,C+ is the mass change caused by the solvent molecules associated with the 
movement of cations. Eq.(6a) can be written more simply as 
   mmmtot ,        (7) 
with m– = mC+ + ms,C+ and m+ = mA– + ms,A–. (As an even rougher approximation we may 
equate m– and m+ with mA– and mC+, respectively.) 
Equation (7) can provide a basis for a simplified semi-quantitative description of the observed 
phenomena. The total (molar) mass flux of transported species (Jtot) normalized to the 
piezoelectrically active surface area of the quartz crystal can be given as: 
tot
tot
d m
j
dtM

 C+A- 
dtM
md
dtM
md
dtM
md
J



 




x
tot
tot ,      (8) 
where Mx is an apparent molar mass of the species involved in the charge compensation process 
during oxidation or reduction of the film, M– and M+ are the apparent molar masses of the anion 
and the cation, 
dt
nd
dtM
md 



 C  and 
dt
nd
dtM
md 



 A  are the molar fluxes of cations and anions, 
respectively. (It should be stressed here that x is a hypothetical entity, which is best defined as an 
ionic species with a charge number of zx.) 
 The flux is positive for species that enter the film (i.e. which are inserted into 
composite material) and is negative for species that leave the film. The apparent molar mass of 
charge compensating ions can be evaluated from the slope of the mass change (mi) vs. charge 
(Q) curve in accordance with the equation  
dQ
md
FzM iiappi,

 .        (9) 
(In Eq.(9) zi denotes the charge number of species i.) Combination of Eqs. (8) and (9) gives  
Fz
iM
Fdtz
dQM
dtM
md
x
x
x
x
x
tot 

       (10) 
where x i is the current density.  
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The total charge passed through the electrode can be expressed as  a sum of charges 
originating from the  individual processes  
dQ dQ dQ   .        (11) 
Since the oppositely-charged ions move in opposite directions, from Eq.(7) one obtains: 
   mdmdmd tot ,       (12) 
By combining Eqs.(9)–(12) we get 
Fz
dQM
Fz
dQM
Fz
dQM



 
x
x ,       (13) 
and with finite changes in the charge variables: 











 M
QFz
Q
M
QFz
Q
Fz
M
x
x .      (14) 
Since in the present case z+ = z–, by taking into account Eq.(11), Eq.(14) can be rewritten 
as 
  MααMM )1(x ,       (15) 
where QQα    
x-+        is  the fraction of total charge compensated 
by anions, and QQα  1  is the fraction of total charge compensated by cations. 
Eq.(15) provides a relationship between the experimentally obtained apparent molar mass of the 
charge carrier x (i.e. the ionic species entering or leaving the film) and the (apparent) molar 
masses of individual ions – anions M– and cations M+. 
The data presented in Fig. 7 (potential sweep rate v=10 mV s-1) and a similar set of data 
for v=20 mV s-1 were analyzed in terms of m – Q dependencies. The apparent molar mass Mx 
was calculated using the slopes from the linear parts of the m vs. Q plots in accordance with  
Eq.(9).  
The calculated values of the apparent molar mass of the charge carriers are shown in 
Table 2.  
xThe presented data shows that the counter-ion mass is almost independent of the 
potential scan rate (10 and 20 mV/s) for composite films of all compositions. With the increase 
of MnO2 mass in the composite film the gradual decrease of the apparent molar mass app (Mx) 
values from about 80 g mol-1 (the value calculated for the pure PEDOT film, which is close to 
the molar mass of  perchlorate anions) to about −8  g mol-1 was observed for the oxidation 
process in 1 M LiClO4 solution. 2 The observed changes in app the apparent molar masses  are 
qualitatively consistent with the prevailing uptake of  dopant anions (perchlorate ions) into the 
film during the  oxidation of pristine PEDOT films, whereas at high MnO2 content 2 the 
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prevailing mass transfer process during the oxidation of the composite films  is the expulsion of 
cations from the manganese oxide component. 
At low loadings of manganese dioxide , the negative slope of the f vs. E curves in 
Fig. 7 (increase of mass during oxidation) indicates the predominant role of perchlorate ions in 
the redox mechanism of the PEDOT/MnO2 composite film (doping-dedoping process), i.e. the 
flux of this ion is the net residual ion flux.  With an increase in the mass fraction of manganese 
dioxide, the situation is gradually changing and the contribution of the cations to the total ion 
flux begins to increase. Up to about 50 m/m% MnO2 loading anion and cation fluxes tend to 
equalize. For PEDOT/MnO2(400) composite with 47 wt.% of MnO2 (see Table 1), the fluxes of 
cations and anions (“doping/dedoping particles”) are almost equal and the mass of the composite 
film hardly changes during the oxidation/reduction process. With a further increase in the mass 
fraction of MnO2 in the composite, the sign of the slope of the f vs. E curve changes from 
negative to positive , and the predominant contribution to the change of the mass of the 
composite during the oxidation/reduction process is made by manganese dioxide recharging and 
the associated desorption/sorption of electrolyte cations.  
22224The results of simultaneous cyclic voltammetry and EQCM measurements carried 
out in 1 M NaClO4 solution are also consistent with the above considerations. The cyclic 
voltammograms  of PEDOT/MnO2 composite films recorded at  the same scan rates in 1 M 
NaClO4 and 1 M LiClO4  are practically identical  (Fig. 9a). As it was  discussed earlier, the 
cation of electrolyte takes part in the charge/discharge process of manganese dioxide. Therefore, 
the comparable current values in the two selected alkali perchlorate  solutions with a big 
difference in the mass and size of the alkali metal cations (МLi+= 7 g mol-1, МNa+= 23 g mol-1) 
indicates the high dispersity of manganese dioxide in the composite and the predominancy of the 
surface charge exchange reaction. One may speculate that the slightly higher current in the 
LiClO4 solution is due to intercalation of Li
+ ions into the MnO2 structure, however, one has to 
be careful not to overinterpret the results, especially because there are several alternative 
explanations for these small differences. 
Fig. 9b shows that  during potential cycling of the same composite PEDOT/MnO2(600) 
film in the two different electrolyte solutions (1M LiClO4 and 1М NaClO4), the shapes of the 
resonant frequency vs. potential curves are similar, but the slopes of the curve measured in 1М 
NaClO4 solution are always higher at identical potential values than those of the other curve. 
The shape change is similar to that observed   in the case of increasing the mass fraction of 
manganese dioxide in the composite film. These results confirm once again the prevailing 
participation of the cation in the charging/discharging process of the MnO2 - rich composite film.  
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Changing the molar mass of transferred counter-ions on changing the electrolyte   is also 
reflected in Table 2. In the case of the  PEDOT/MnO2(600) composite film the apparent molar 
mass of transferred counter-ions changes from −8.3 g mol-1 (determined at a scan rate 
ν = 10 mV·s–1) or -6.7 g mol-1 (determined at ν = 20 mV·s–1) in 1 M LiClO4 to  −16.7 g mol-1 
(determined at ν = 10 mV·s–1) or -15.8 g mol-1 (determined at ν = 20 mV·s–1) in 1M NaClO4, 
respectively. This can be explained by  the increase in mass of the cation (from 7 g mol-1 for Li+ 
to 23 g mol-1 for Na+) released from the film upon oxidation 2. 
The complex nature of the process under study, simultaneous transfer of doping/dedoping 
anions and cations, as well as the solvent molecules involved into the redox processes, 
incomplete redox transformations of manganese oxide incorporated into the film, etc., makes a 
more  quantitative analysis of EQCM data extremely complicated. Nevertheless, taken together, 
the obtained data  suggest that during the charge-discharge process in the composite film 
bidirectional fluxes of mass occur, and manganese oxide  oxidation/reduction proceeds with the 
transfer of supporting electrolyte cations into the film. 
 
Conclusion 
Monitoring of mass change by EQCM during the electrochemical synthesis and redox 
transformation of PEDOT/MnO2 composite films was performed. It was found that  reversible 
mass change during redox cycling takes place and the shapes of frequency–potential  curves 
depend on the composition of the PEDOT/MnO2 film. The analysis of Δf–E dependencies 
revealed that the redox process in the composites is accompanied by  mixed cation and anion 
transport,  oppositely directed fluxes of counter ions (anions and cations) occur, and the 
individual ion fluxes  depend on the composition of the composite material  The coexistence of 
these two fundamental, but oppositely directed mass movements constitutes one of the most 
essential phenomena in the films, and results in the change of the slope of linear parts of Δf vs. E  
curves with increasing the mass fraction of manganese oxide 2.  At small fractions of MnO2 in 
the PEDOT/MnO2 composite film the flux of anions is predominant,  while in the opposite case 
(i.e. at high fractions of MnO2), the predominant flux of cations is observed 2. Rectangular 
shaped  cyclic voltammograms, characteristic of the  pseudo-capacitive behavior,  were observed 
for 2 composites with different loadings of manganese dioxide. Specific capacity values of 
PEDOT/MnO2 composites were found of about 169 F g
-1, and the specific capacity related to the 
contribution of manganese oxide component, was about 240 F g-1. 
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Figure captions 
 
Fig.1 Galvanostatic synthesis of PEDOT film on Pt-coated quartz crystal: E–t dependency  and 
frequency change during PEDOT synthesis from solution of 0.05 М EDOT, 0.1 М LiClO4 in 
acetonitrile (AN)  
 
Fig. 2 CV (solid line) and ∆f–E dependency (dotted line) of a pristine PEDOT film in 1 М 
LiClO4 (v=20 mV s-1)  
 
Fig. 3 The frequency – potential dependencies for PEDOT films at different scan rates (v=5–50 
mV s-1) 
 
Fig. 4 Current (solid line) and frequency (dashed line) changes with time during potentiostatic 
deposition of MnO2 into PEDOT film electrode  
 
Fig. 5 Deposition of MnO2 from aqueous solution of 0.05M MnSO4 and 0.05M LiClO4. a – 
Deposition time dependence  of mass gain of MnO2 during the electrochemical deposition into 
PEDOT film, 1–6: number of 100-second deposition steps; b – The relationship between the 
mass of MnO2 incorporated into PEDOT film and the time of deposition. 44 
 
Fig. 6 Cyclic voltammograms (v = 10mV s-1) for PEDOT and PEDOT/MnO2 composite films 
with different times of consecutive MnO2 deposition. MnO2 deposition time for each new 
deposition step was 100s.  
 
Fig. 7 ∆f–E dependencies for PEDOT and PEDOT/MnO2 composite films with different times of 
consecutive MnO2 deposition. MnO2 deposition time for each new deposition step was 100s, v = 
10 mV s-1 
 
Fig. 8 Normalized cyclic voltammograms of PEDOT/MnO2(600) electrode. v, mV s-1: 1–10; 2–
20; 3–50. Solution: 1М LiClO4 
 
Fig. 9 a – cyclic voltammograms (v=50 mV s-1) and b – ∆f–E dependencies of 
PEDOT/MnO2(600) electrode in: 1. 1М LiClO4; 2. 1М NaClO4 solutions, respectively 
 
Table 1 EQCM data for PEDOT/MnO2 composites with different times of MnO2 deposition 
 
Table 2 Apparent molar mass of charge carriers during PEDOT/MnO2 oxidation at different 
potential scan rates 
 
 Table 1 EQCM data for PEDOT/MnO2 composites with different times of MnO2 
deposition 
 
Composite (MnO2 
deposition time, s) 
Composite 
mass, µg 
MnO2 mass, 
µg MnO2, wt.% 
MnO2 mass gain 
after 100 s of 
consecutive 
deposition, µg 
PEDOT 159 – – – 
PEDOT/MnO2 (100) 193 33 17 33 
PEDOT/MnO2 (200) 228 68 31 35 
PEDOT/MnO2 (300) 265 105 39 37 
PEDOT/MnO2 (400) 303 143 47 38 
PEDOT/MnO2 (500) 340 180 53 37 
PEDOT/MnO2 (600) 371 211 57 31 
 Material, electrolyte 
Apparent molar mass of 
charge carriers, Mapp 
20 mV s-1 10 mV s-1 
PEDOT, 1М LiClO4 78.9 80.3 
PEDOT/MnO2(100), 1М LiClO4 35.5 35.4 
PEDOT/MnO2(200), 1М LiClO4 16.2 15.4 
PEDOT/MnO2(300), 1М LiClO4 6.4 5.4 
PEDOT/MnO2(400), 1М LiClO4 1.0 0.9 
PEDOT/MnO2(500), 1М LiClO4 -3.0 -4.8 
PEDOT/MnO2(600), 1М LiClO4 -6.7 -8.3 
PEDOT/MnO2(600), 1М NaClO4 -15.8 -16.7 
 
Table 2. Apparent molar mass of charge carriers during PEDOT/MnO2 oxidation at 
different potential scan rates 
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Fig.1 Galvanostatic synthesis of PEDOT film on Pt-coated quartz crystal: E, t-dependency and 
frequency change during PEDOT synthesis from solution of 0.05 М EDOT, 0.1 М LiClO4 in 
AN.  
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Fig. 2 CV and Δf–E dependencies of a pristine PEDOT film in 1 М LiClO4 (v=20 mV s-1)  
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Fig. 3 The frequency – potential dependencies for PEDOT films at different scan rates 
(v=5–50 mV s-1) 
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Fig.4 Current (solid line) and frequency (dashed line) changes with time during potentiostatic 
deposition of MnO2 into PEDOT film electrode  
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Fig. 5 a – Dependence of mass gain of MnO2 during the electrochemical deposition into PEDOT 
film from the time of deposition, 1-6: number of a 100-second deposition step; b – The 
relationship between the mass of MnO2, incorporated into PEDOT film and the time of 
deposition. Deposition from an aqueous solution of 0.05M MnSO4, 0.05M LiClO4.  
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Fig. 6 Cyclic voltammograms (v = 10mV s-1) for PEDOT and PEDOT/MnO2 composite 
films with different times of consecutive MnO2 deposition. MnO2 deposition time for each new 
deposition step was 100s  
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Fig. 8 Normalized cyclic voltammograms of PEDOT/MnO2(600) electrode. v, mV s-1: 1–10; 2–
20; 3–50. 1М LiClO4 
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Fig. 9 a- cyclic voltammograms (v=50 mV s-1) and b- ∆f–E dependencies of 
PEDOT/MnO2(600) electrode in: 1. 1М LiClO4; 2. 1М NaClO4 
 
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
-250
-200
-150
-100
-50
0
50
100
 ∆ 
f / 
H
z
 
 PEDOT/MnO2(600)
 PEDOT/MnO2(500)
 PEDOT/MnO2(400)
 PEDOT/MnO2(300)
 PEDOT/MnO2(200)
 PEDOT/MnO2(100)
 PEDOT
E / V
 
Fig.7  ∆f–E dependencies for PEDOT and PEDOT/MnO2 composite films with different times of 
consecutive MnO2 deposition. MnO2 deposition time for each new deposition step was 100s, v = 
10 mV s-1 
